A transition from a low to a high spin state in the magnetization saturation between 1000 and 1100 ºC calcination temperature is observed in YIG powders prepared by oxides mixture. Spark plasma sintering of these powders between 900 and 950 ºC leads to dense samples with minimal formation of YFeO 3 , opening the way to cosintering of YIG with metals or metallic alloys. The optical properties depend on the sintering stage: low (high) density samples show poor (bulk) optical absorption.
Introduction
Ferromagnetic yttrium iron garnet Y 3 Fe 5 O 12 is an interesting material since it shows a large Faraday rotation at the onset of a strong optical absorption in the visible range near 2.5 eV [1] . Also, in the microwave regime, it has the highest quality factor among the magnetic oxides, that is, it shows the smallest linewidth (H) in magnetic resonance [2] as well as low dielectric loss tangent [3] , which renders it useful for several applications in this spectral range such as circulators, oscillators and phase shifters [4] .
One of the most significant advantages of this garnet system is that it allows tailoring different properties by combining it or doping it with other elements or materials. This way, solid solutions with Gd 3 Fe 5 O 12 or Y 3 Al 5 O 12 allow tailoring the saturation magnetization of the system. Also, other works report enhancements in the magnetooptical Kerr effect in Au/Bi:YIG granular films [5] and Au particles embedded in Bi:YIG [6] or in the Faraday effect [7] .
On the other hand, the development of devices based on the materials reported above rely on an adequate sintering, particularly on sintering of YIG at low enough temperatures to avoid melting of the metal in the composites mentioned above or the electrodes, such as Ag-Pd alloy, in multilayer ceramic devices [8] , that is, below 1000 ºC, while keeping the optical and magneto-optical properties of bulk YIG. For this reason, many efforts have been devoted to sintering. Initially, sintering of YIG required high sintering temperatures (> 1400 ºC) and long holding times (> 10 h) in conventional furnaces. In some cases, the use of additives was shown to reduce the sintering temperature [9] [10] [11] , whereas in other works, non conventional sintering techniques, mainly microwave sintering, were used [12, 13] in order to reduce the sintering temperature below 1000 ºC.
In this paper we report about low temperature spark plasma sintering of YIG powders and how the optical activity is modified during sintering in the range 2-6.5 eV; how the optical transitions and, therefore, the optical properties are modified as a function of the sintering stage. was used to measure the dielectric constant of the sintered samples.
Experimental procedures

Results and discussion
The mixed powders were calcined at different temperatures, ranging from 800 to 1200 ºC and the phase transformations studied by XRD (Fig. 1 [15, 16] with no other phases being present, in particular no YFeO 3 was detected. The average particle determined after calcination at 1100 ºC was 6 m.
The saturation magnetization of the powders (see inset in Fig. 1 ) also follows the trend indicated by the structural characterization. There is a clear transition between 1000 ºC and 1100 ºC from a low spin state to a high spin state, as the saturation magnetization increases from almost zero at 1000ºC to 27 emu/cc, the YIG bulk value, at 1100 ºC calcination temperature. This result agrees well with other routes already reported in the literature [17, 18] .
Powders calcined at 1200ºC were further spark plasma sintered at temperatures between 900 and 950 ºC with holding times varied between 1 and 30 minutes. In all cases, YIG was the main phase and only in the case of long holding times, minor peaks corresponding to the ortoferrite YFeO 3 were present (Fig. 2) . From Van Hook's works on the Y 2 O 3 -Fe 2 O 3 phase diagram [19, 20] , no segregation of the YFeO 3 ortoferrite should take place below 1500 ºC. Although, it was then shown that this transition temperature decreases when the oxygen partial pressure is reduced; sintering in vacuum should not be expected at such low temperature (900-950 ºC). However, spark plasma sintering is a largely out of equilibrium sintering process and this point, together with the applied pressure, may be the reason at the origin of the presence of the ortoferrite phase. Therefore, although sintering at higher temperature allows increasing the density of the sintered materials, an excess in the sintering temperature may lead to the presence of YFeO 3 . Therefore, in this system it is critical to tune both the sintering temperature and the holding time in order to have pure and dense YIG materials. It is important to compare this result with previous ones obtained on conventionally sintered YIG in which the temperatures required to obtain a sintered piece reached 1300ºC [18, 21] and were in any case, over 1000ºC [22] . Just Q. Yang et al. [13] using another non conventional sintering technique, microwave sintering, has reported sintering temperatures below 1000 ºC.
In all cases, the magnetic characterization shows that the saturation magnetization is close to the bulk value in the sintered materials, with the samples sintered at the highest temperatures and the longest holding times showing a slight decrease of the saturation magnetization, not larger than 10% in any case, probably due to the presence of both the YFeO 3 phase and Fe 2 O 3 . As expected, all the sintered samples turned to behave as soft magnets, with coercive fields in the 7-12 Oe range in all cases.
Further insight about the garnet structure can be gained by ellipsometry. Fig. 3 shows the imaginary part, which accounts for the absorption, of the diagonal component of the dielectric tensor for the two extreme samples, that is, sintered at 900 ºC for 1 minute and sintered at 950 ºC for 15 minutes. The values of both the real and the imaginary part of the diagonal component of the dielectric tensor increase in all the samples studied with the sintering temperature and the holding times. Although the garnet structure is the only one present according to XRD, the structure at an atomic level may be distorted in the non dense materials. Scanning electron microscope images (Fig. 4) show rounded grains, corresponding to an early stage of sintering in which atomic diffusion is taking place, in the case of the sample sintered at 900 ºC for 1 minute, whereas facets corresponding to a structure with a higher crystallinity are observed in the sample ( 0 ), over 4 eV, between both samples; the most remarkable differences are found in the low energy transitions, which have been identified with crystal field transitions [24] . The intensity of the low energy transitions is very low or almost negligible in the 900 ºC sintering temperature and it increases by one order of magnitude in the sample sintered at 950 ºC for 15 minutes. This result reinforces the hypothesis that the crystal structure is being distorted during sintering.
Conclusions
It has been shown that it is possible to obtain dense materials by spark plasma sintering at temperatures well below 1000 ºC, which opens the route to cosintering of YIG with noble metals such as Ag or Pd. Also, although increasing the sintering temperature allows increasing the density of the sintered materials, an excess in the sintering temperature or in the holding time may lead to a decomposition of the YIG into YFeO 3 and Y 2 O 3 which must be taken into account when it is imperative to obtain just the garnet phase. Finally, it has been shown that the electronic structure is particularly sensitive to the sintering stage. In particular, the intensity of the transitions related to the crystal field decreases and almost disappears in the poorly sintered samples. Table 2 . Parameters resulting from the permittivity fit.
